Weak anisotropy and disorder dependence of the in-plane magnetoresistance in high 

mobility (100) Si-inversion layers 
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We report studies of the magnetoresistance (MR) in a two-dimensional electron system in (100) 
Si-inversion layers, for perpendicular and parallel orientations of the current with respect to the 
magnetic field in the 2D-plane. The magnetoresistance is almost isotropic; this result does not 
support the suggestion of the orbital origin of the MR in Si-inversion layer. In the hopping regime, 
however, the MR contains a weak anisotropic component that is non-monotonic in magnetic field. 
We found that the field, at which the MR saturates, for different samples varies by a factor of two, 
being lower or higher than the field of complete spin polarization of free carriers. Therefore, the 
saturation of the MR can not be identified with the spin polarization of free carriers. 

PACS: 71.30.+h, 73.40.Hm, 73.40.Qv 



For low carrier densities, in the vicinity of what is 
known as the 'metal-insulator transition (MIT) in two 
dimensions' |Q, a magnetic field B\\ applied in the plane 
of the 2D carriers suppresses the anomalous metallic con- 
duction [^|-|6) . The resistivity p measured at low temper- 
atures (T <C Ep) raises roughly proportionally to £? 2 
and further saturates |||| (Fermi energy, Ep, through 
the paper is in units of K). The observed strong mag- 
netoresistance (MR) and subsequent saturation of the 
resistivity in high fields is often interpreted as a man- 
ifestation of the spin alignment of free carriers by the 
parallel field §]. Recently, in Ref. @, the strong MR 
was suggested to be an orbital effect caused by the tran- 
sition from 2D to 3D behavior, when the magnetic length 
as becomes smaller than the thickness of the quasi-2D 
layer. We note however, that there is a third possibility 
in which the parallel field also acts on the spins of the lo- 
calized carriers (or of the donor/acceptor bound states), 
and causes a corresponding increase in Coulomb scatter- 
ing. Such a possibility is particularly inherent in models 
[p|-|l0[ which consider interface localized states. 

In order to determine how universal is the magnetore- 
sistance in parallel field, we conducted systematic mea- 
surements on a variety of samples with different mobil- 
ities. Despite the qualitative similarity of the magne- 
toresistance in all samples, the characteristic magnetic 
field at which MR saturates, B sat , is found to be non- 
universal. B sat varies by a factor of 2 from the highest 
to the lowest mobility sample being, respectively, either 
lower or higher than the field of complete spin polariza- 
tion. This result demonstrates that the saturation of the 
magnetoresistance can not be identified with a field of 
complete spin polarization of the mobile electrons in Si- 
MOS samples, the parameter which should depend only 
on the carrier density [ p"l[ but not on a sample. 

To probe the relevance of the spin and orbital effects, 
we have performed measurements of the MR for a mag- 



netic field in the 2D plane, with the bias current j di- 
rected perpendicular and parallel to the field. In the ex- 
plored range of densities on both sides of the MIT, and in 
magnetic fields (04- 12) T, we found no strong anisotropy 
in the MR. This does not support the idea of the orbital 
origin of the MR in Si-MOS structures, but might be con- 
sistent with spin-related mechanisms. We observed only 
a weak anisotropy in the MR, Ap = (pii — p±)/2p ~ 5%, 
which in the hopping regime exhibits a non-monotonic 
dependence on the magnetic field. To the best of our 
knowledge, such an anisotropy in the (100) crystal plane 
has not been observed earlier in Si-MOS systems (a 
monotonic anisotropy of the MR was reported in Ref. 
fl2f for the anisotropic GaAs/AlGaAs (311) plane). The 
anisotropic non-monotonic component of the MR indi- 
cates an effect of the spin-orbit (SO) coupling on the 
electron transport in the vicinity of the MIT. 

The ac-measurements (3 Hz) of the resistivity were per- 
formed at temperatures 0.27 — 0.3 K on five (100) Si- 
MOS samples: Si-9Nj (peak mobility pP eak = 4.3m 2 /Vs 
at T = 0.3 K), Si-153 (3.8m 2 /Vs), Si-15a (3.2m 2 /Vs), 
Si22a (2.7m 2 /Vs), and Si43a (1.96m 2 /Vs). The samples 
were lithographically defined as rectangular Hall bars of 
the size 0.8x5 mm (first four samples) and 0.256 x 2.5 mm 
(the last one); their long sides (current direction) were 
aligned along [010]. All samples exhibited qualitatively 
similar behavior of J?(-Bm). Typical field dependent traces 
of the resistivity are shown in Fig. 0. Similar to that re- 
ported earlier resistivity grows with magnetic field 
and then saturates above a certain field, B sai . To obtain 
the data for different orientations of j relative to B\\, the 
sample was rotated in situ at low temperature. The car- 
rier density n was varied by the gate voltage and its value 
was determined from the Shubnikov-de Haas (SdH) os- 
cillations, quantum Hall effect [13j ], and Hall voltage. For 
the studied samples, even through the MIT OJljfl , the 
density did not deviate more than by 7% from the value 
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extrapolated from the high density regime Eq] . 

Figure 1 demonstrates the absence of a large 
anisotropy in the MR, and the presence of a minor 
anisotropy 10%) in high fields and for intermedi- 
ate densities with p(j || B) systematically exceeding 
p(j -L B) Both these results disagree with the pre- 
dictions of Ref. |?J where the MR was associated with a 
crossover from 2D to 3D behavior with increasing paral- 
lel field. In order to quantify the saturation field B sat , 
we used three different empiric definitions for B sat as a 
field corresponding to the interception of the tangents (as 
demonstrated in Fig. 1) on the logarithmic (i) or linear 
(ii) scale of resistance, and (iii) corresponding to an in- 
crease of the MR to 97.5% of its maximum value. Three 
dashed lines in Fig. 1 connect the p(-B sa t)-points deter- 
mined according to the definitions (i) to (iii). 
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FIG. 1. Resistivity vs in-plane magnetic field. Open 
symbols are for j || B, closed symbols for j _L B. Densities 
n in units of 10 11 cm" 2 are (from top to bottom): 0.748, 
0.759, 0.78, 0.80, 0.835, 0.858, 0.913, 1.023, 1.133, 1.353, 
1.573, 1.793, 2.013, 2.233 x 10 n cm- 2 . Dashed curves f, ii, 
iii correspond to three definitions of the "saturation field" 
as described in the text, curve B pca k depicts the position 
of the anisotropy peak. Two tangents at the most top 
curve illustrate the definition (i) of B sa t. 

The i? sa t-data according to the definition (i) are plot- 
ted in Fig. 2 vs electron density. In accord with other 
results P,p|,p| jr^ , p^ | , we find that £> sat increases approx- 
imately linearly with the density. We therefore assume 
first that the saturation field corresponds to the complete 
polarization of the 2D electron system, 
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g*fi B g ™ e 
where g* is the effective Lande g— factor, m* the effec- 



tive mass and hb is the Bohr magneton (valley degener- 
acy 9v = 2 for (100)Si crystal plane). In Ref. |11|, the 
g*m* values were measured as a function of the carrier 
density; it was also found that g*m* is sample indepen- 
dent. Therefore, B po \ must also be a universal function 
of the carrier density. Contrary to this expectation, we 
found -B sa t (n) to be noticeably different for different sam- 
ples (see Fig. 2). This result, evidently, does not support 
the proposed model Q where the MR is related to the 
screening radius (or to the density of states at Ef) which 
depends on the free carrier density only. 
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FIG. 2. .B S at vs electron density for five samples. 
Dashed lines are the linear fits. Continuous line B po i(n) 
shows the calculated field of the spin polarization, plot- 
ted over the range of densities explored in Ref. @ (thick 
line), and extended to lower densities (thin line). Dotted 
line shows an empiric _B sat (n) dependence with the offset 
extrapolated to l//i pcak = 0, as discussed in the text. 



The -B sa t values depend on the choice of the empiric 
definition, however, the difference between different sam- 
ples persists within any definition of this parameter. 
We conclude therefore that the magnetic field value, at 
which the magnetoresistance saturates, does not reflect 
the alignment of the free carrier spins. In Fig. 2, for com- 
parison, we plotted also the field B po \ corresponding to 
complete spin polarization which was calculated accord- 
ing to Eq. (1) and using the g*m*(n) values determined 
in Ref. pJ[ |. Clearly, for different samples, the magnetore- 
sistance saturates at fields, which could be either lower or 
higher than the field of complete spin-polarization, B po i. 
For some samples and over a limited density range, B sa ± 
is rather close to -B po i, as was noted in Ref. p^|Jl^ |. 

The B sa _t{n) dependences shown in Fig. 2 have similar 
slopes (dB sat /dn ~ 5.7T/10 11 cm -2 ), but each of them 
extrapolates to zero at a sample-dependent finite offset 
density, rid- The latter is of the order of the 'critical den- 
sity' n c for the MIT at zero field. More specifically, rid 
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varies from approximately 0.4n c for the highest mobility 
sample, Si9Nj, to w n c for the lowest mobility one, Si- 
43a pfj. The offset and the inverse peak mobility (a 
measure of the sample disorder) are in an apparent linear 
relation (values of pP eak for each sample are given above) . 
The dotted curve in Fig. 2 represents a schematic depen- 
dence B sa t{n) with the same slope as the experimental 
data and with the offset extrapolated linearly to the in- 
finite mobility. 



suit of floating up of the band of localized states e.g., 
such as considered in Refs. ifHlEll . 
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FIG. 3. Anisotropy of the MR vs parallel magnetic 
field. For clarity, the curves are shifted vertically by 0.02 
relative to each other. Arrows 'A' and 'B' show two major 
features. The densities n in units of 10 11 cm -2 are (from 
bottom to top): 0.748, 0.759, 0.78, 0.80, 0.835, 0.858, 
0.913, 1.023, 1.133, 1.353. 

It was suggested in Ref. |l7| that the non-zero value 
of nd is caused by a spontaneous spin polarization of 
the electron system. Clearly, such an assumption would 
lead to a paradox, since more and more disordered sam- 
ples would exhibit this phenomenon at higher and higher 
density (or lower inter-electron interaction strength) . On 
the other hand, no disorder- (or sample-) dependence is 
found in the spin susceptibility (% oc g*m*) directly mea- 
sured in Ref. |ll[] down to n = 1 X 10 11 cm~ 2 (i.e., to the 
critical density of the MIT). It is therefore rather likely 
that the offset value, na, and the whole effect of the mag- 
netoresistance saturation in Si-MOS samples are related 
mainly with a physics of the disorder or of the bound 
states, rather than with intrinsic properties of free elec- 
trons in the 2D system. 

The non-universality of B sat reflects a breakdown of 
the models which assume the magnetoresistance to be 
related only with the Zeeman energy of free carriers. On 
the other hand, such a behavior is anticipated for the 
models which consider the magnetoresistance to be a re- 



We now turn to a comparison of the magnetoresistance 
measured with different current direction; a more accu- 
rate analysis reveals their weak non-monotonic difference, 
Ap = p(j || B) — p(j _L B). Arrows in Fig. 3 mark 
two major features, a density-dependent peak 'A' and 
a density-independent broad maximum 'B'. Both peaks 
are well pronounced only in the hopping regime (i.e., 
for p{B,n) > (0.2 — 2)h/e 2 , depending on the magnetic 
field |2l[]) and disappear for densities n>lx 10 n cm~ 2 . 
Whereas the monotonic component of the MR anisotropy 
(Fig. 3) might in principle be related to the effects of fi- 
nite thickness of the 2D layer J?]] , it is not the case for the 
peak structure of the MR. We also note that both peaks 
can not be caused by a perpendicular field component 
due to a minor misalignment of the sample plane |22[ . 
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FIG. 4. Magnetic field position of the peak 'A' in the 
anisotropic component of the MR vs electron density. 
Solid symbols are the measured data, dashed curve repre- 
sents the theoretical value B^^ k |2J], dash-dotted curve 

is for -Bp' e ' ak |^3|. Both theoretical curves are calculated 
using g*m*(n) data measured in Ref. hlj. 



At present, there is no explanation for the origin of 
the density-independent peak 'B'. As for the peak 'A', its 
characteristic magnetic field i? poa k increases with density 
as Fig. 4 shows. A peak of a similar shape in the MR 
anisotropy was theoretically predicted to occur, due to 
the interplay between the spin-orbit and Zeeman cou- 
pling |23|]24f | . In particular, Chen et al. [£3| considered 
the hopping (insulating) conduction regime and found 
that the peak in the anisotropy should take place at a 



field B 



(i) 

peak 



ockF / g* P^b (where a is the spin-orbit cou- 



pling constant, and Uf is the Fermi momentum). Rai- 
mondi et al. [^ij considered the diffusive (metallic) trans- 
port regime and found that a peak in anisotropy occurs 
at a field B^^ k = 2Ep / g* Pb- For comparison, we plot- 
ted in Fig. 4 both theoretical dependences -Bpoak^)- In 
the calculations we did not use adjustable parameters 
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p5| : for the renormalized g* and g*m* values we used 
the experimentally determined data jO]. 

There is a similarity between the measured location of 
the peak 'A' and B^™^. calculated in Ref. though the 
calculations are done for the diffusive transport regime 
whereas in the experiment at such high fields, the trans- 
port is hopping p lfl . The inconsistency with the B^ ak 
calculated in Ref. |]23f| for the hopping transport cannot 
be eliminated by selecting any value of a, the parameter 
which is supposed to be density independent. 

In conclusion, we have shown that at low carrier den- 
sities in the vicinity of the MIT, the parallel-field mag- 
netoresistance in (100) Si-inversion layers, is almost in- 
dependent of the relative orientation of the bias current 
and magnetic field. This is inconsistent with the orbital 
origin of the strong MR and supports its spin origin. We 
have observed a weak (« 5%) anisotropy of the MR in 
the hopping regime, which is non-monotonic as a func- 
tion of the magnetic field. In particular, it exhibits a 
density-dependent sharp peak and a broad maximum. 
We compared the sharp peak in the anisotropy of the 
magnetoresistance with the one theoretically predicted 
and related with the interplay between the spin-orbit and 
Zeeman coupling. We found the peak shape and the mag- 
netic field position to be consistent with the theoretical 
predictions. We found that the field at which magne- 
toresistance of Si-inversion layers saturates is a sample- 
(and, apparently, a disorder-) dependent parameter. For 
a variety of samples studied, the 'saturation' field may be 
substantially larger or smaller than the field of complete 
spin polarization. Therefore, the saturation of the MR 
can not be identified with the complete spin-alignment 
of free carriers. 
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